Two main possibilities regarding glacial survival of the mountain flora of the Alps during the Quaternary have been discussed: the tabula rasa and the nunatak hypotheses. Eritrichium nanum (L.) Gaudin (Boraginaceae) is a perennial cushion plant, occurring at high elevations of the Central Alps and having a preference for extreme habitats. It belongs to a group of highalpine plants, for which in situ glacial survival on nunataks is ecologically possible. By investigating 20 populations of E. nanum of potential nunatak and peripheral refugial regions using amplified fragment length polymorphism, considerable genetic differences between populations from the Central Alps and populations from peripheral refugia were detected; hence, the latter probably did not serve as potential sources for the re-colonization of the Central Alps after glaciation. Genetic variation was hierarchically structured ( amova ), and three genetically distinct regions could be identified in the Central Alps. Two of these, the Penninic and Rhaetic Alps, correspond to nunatak regions proposed in the biogeographic literature. Populations from the Lepontic Alps formed a third genetic group. Genetic correlation (Mantel statistics) was highest within populations, with a modest decline among populations within specific nunatak regions and a negative correlation outside the genetic influence of specific nunatak regions. In situ glacial survival in E. nanum could be a model for the Quaternary history of other alpine plants, especially those that also occur at high elevations and in similar habitats.
Introduction
Many biogeographic studies on plants have focused on postglacial spread from peripheral or periglacial refugia or on the possibility of long-term survival on nunataks (an Inuit word meaning an ice-free mountain prominently emerging above the surface of a glacier) within glaciated areas (Bennett et al . 1991; Abbott et al . 1995; Demesure et al . 1996; Gabrielsen et al . 1997; Soltis et al . 1997; Tollefsrud et al . 1998) . The exact locations of glacial refugia and the precise courses of post-glacial re-immigration are of particular interest (Konnert & Bergmann 1995; Nordal & Jonsell 1998; Taberlet et al . 1998) . Highly resolving DNA markers such as random amplified polymorphic DNA (RAPD) or amplified fragment length polymorphisms (AFLPs) have proven to be valuable tools for phylogeographic investigations, despite their (mainly) dominant inheritance (Weising et al . 1995; Mueller & Wolfenbarger 1999) .
Most molecular studies on the historical biogeography or phylogeography of European plants dealt with genetic patterns on a continental scale. Taberlet et al . (1998) concluded that there is little in common between the phylogeographic patterns of various taxa, although proposed postglacial colonization routes show some similarities. In contrast, Soltis et al . (1997) found a high congruence between phylogeographic patterns of several herbaceous plant species of western North America. The north-south direction of mountain ranges and the availability of refugia in the south of North America may have caused this similar biogeographic history between different species. The two main centres of glaciation in Scandinavia and in the Alps, and the mountain ranges of the Alps and the Pyrenees acting as migration barriers in the longitudinal direction, are factors responsible for the more complex situation in Europe. This is reflected by the controversy between two different scenarios of glacial survival of alpine plants: the nunatak hypothesis and the tabula rasa hypothesis (Latin for a clear or empty table) (Brochmann et al . 1996) . According to the former hypothesis, species survived in situ on small 'islands in a sea of ice', whereas the latter hypothesis assumes that species had to emigrate and only re-colonized previously glaciated regions after the end of the ice ages. There are some early but detailed theoretical works on the biogeography of alpine plants dealing with these two hypotheses. Chodat & Pampanini (1902) and Briquet (1906) proposed the tabula rasa hypothesis for the flora of the Alps during Quaternary glaciation. This corresponds to the recent view of Nordal (1987) , Birks (1996) , Gabrielsen et al . (1997) and Tollefsrud et al . (1998) for Scandinavia, which also implies that all present-day alpine or arctic plants had to re-immigrate from refugia outside the glaciated areas. Migration routes from peripheral refugia into the Central Alps were determined based on distribution patterns of alpine plants (Chodat & Pampanini 1902; Briquet 1906) . In contrast, Quaternary in situ survival in probably small, unglaciated areas rising above the ice sheet (the nunatak hypothesis) was proposed by Brockmann-Jerosch & Brockmann-Jerosch (1926) for the Alps and by Dahl (1987) and Abbott et al . (1995) for Scandinavia. Merxmüller (1952 Merxmüller ( , 1953 Merxmüller ( , 1954 , Favarger (1958) and Hess et al . (1967) have examined the latter hypothesis for specific plant species of the Alps. The localities of glacial survival and postglacial migration routes of alpine plants ( Fig. 1) proposed in the biogeographic literature have recently been compiled by Stehlik (2000) .
The biogeographic history of alpine plant species has, in contrast to European trees, only rarely been investigated with molecular methods so far. The existing studies either dealt with glacial relics with limited distribution (Bauert et al . 1998) , were focused on narrow population genetic questions such as clonal diversity or mating structures (Bauert 1996; Steinger et al . 1996; Escaravage et al . 1998; Gugerli et al . 1999) , or dealt with vicariance biogeography and systematic relationships above the species level on large geographical scales (Hungerer & Kadereit 1998) .
Eritrichium nanum (L.) Gaudin is a high-alpine perennial cushion plant. Typical habitats of E. nanum are crevices on cliffs exposed to wind and sun, or fine gravel with sparse vegetation in a range of 2500 -3630 m above sea level (Lechner-Pock 1956) . The species mainly grows on siliceous bedrock. E. nanum belongs to a group of at least 36 species occurring at elevations above 3500 m in the Central Alps Stehlik (2000) , total distribution of Eritrichium nanum (b) according to Lechner-Pock (1956) and Welten & Sutter (1982) , and the 20 populations of E. nanum studied in the Alps (c). In (a) black regions indicate nunatak areas within the most intensely glaciated parts of the Alps during Quaternary glaciation; shading from dark grey to faint grey indicates proposed peripheral refugia (dark grey) and proposed migration routes (medium grey) out of the former towards the recent distribution of alpine plants within the central parts of the Alps (faint grey). In (b), black regions indicate the main distribution of E. nanum; dots indicate single sites of E. nanum. In (c), labelled large dots indicate the 20 populations investigated (for population names see Table 1 ); hatching indicates the main distribution of E. nanum in the middle part (in west-east direction) of the Alps; small dots indicate single sites of E. nanum; grey arrows indicate populations sampled within proposed nunatak areas; black arrows indicate populations sampled within peripheral refugia. (Ellenberg 1988) . In a west-east direction, the distribution of E. nanum covers the middle part of the Alps, i.e. areas with the highest alpine ranges, which were most intensely glaciated during the ice ages, including areas with many postulated high-alpine nunataks ( Fig. 1; Stehlik 2000) . This distribution in high-alpine elevations of the Central Alps and its preference for extreme habitats make in situ nunatak survival of this species during the Quaternary glaciation probable. Thus, E. nanum was chosen as a model organism to test the nunatak hypothesis.
If E. nanum survived on high-alpine nunataks, its populations were probably small and rare and occurred on ice-free patches of mountain slopes or tops. These patches were exposed to high radiation and extreme winds, possibly resulting in snow-free conditions during summer. Nunataks are proposed to have been discontinuously distributed ( Fig. 1; Stehlik 2000) , and should thus be treated as isolated islands. Long-term isolation, recurring bottlenecks and founder effects, together with inbreeding and genetic drift, should have acted upon the genetic composition and differentiation among populations of different nunataks and different nunatak regions. If, on the other hand, E. nanum survived in peripheral refugia and immigrated to the Central Alps after the retreat of the glaciers ( tabula rasa hypothesis), populations of the Central Alps descending from the same source region should be genetically similar to each other and to populations in the respective peripheral refugia. This would also result in lower genetic similarities of populations descending from different peripheral refugia than among populations descending from the same refugium.
To test the nunatak hypothesis on E. nanum , 8 -12 individuals from each of 20 populations were investigated with AFLP. Three expectations according to the nunatak hypothesis were formulated: (i) clear genetic differences should exist between populations of the Central Alps, descending from nunataks, and populations from potential peripheral refugia; (ii) in the case of more than one nunatak region within the Central Alps, populations should be genetically more similar within a specific nunatak region than among populations from different nunatak regions (i.e. there should be hierarchical structure of genetic differentiation); and (iii) genetic correlation should be highest within populations, showing a modest decline between populations within a specific nunatak region and an accentuated decline at the border of nunatak regions.
Materials and methods

The species
Eritrichium nanum (Boraginaceae) is a perennial herb growing in high-alpine habitats of Central Europe (Lechner-Pock 1956) . Plants are generally short with flowering shoots up to 3 cm, a dense cushion growth form and a long-lasting woody root. Flowers are showy; the deep blue corollas contrast with yellow coronal rings. As for other borages, flowers produce four nutlets, each with wing-like frayed edges. E. nanum is mainly out-crossed, although it is self-compatible (Heinrich Zoller, University of Basel, unpublished observations). Pollinators are various (e.g. syrphids) and abundant. E. nanum builds up a soil seed bank, and seedlings are abundant in various ecological conditions (Heinrich Zoller, University of Basel, unpublished observations).
The distribution area of E. nanum is discontinuous (Lechner-Pock 1956; Fig. 1 ). The centres of its distribution in France are the Cottic and Grajic Alps. In the Central Alps (Penninic, Lepontic and Rhaetic Alps), the species is frequent and found at most suitable sites. There is a gap of occurrence in the Eastern Alps between the Rhaetic Alps (mainly Switzerland) and the eastern Hohe Tauern in Austria. E. nanum also grows in the Southern Alps (Italy/ Austria). Its occurrence in the Niedere Tauern (Styric Alps, Austria), the Karawanken (Austria/Slovenia) and the Julic Alps (Italy/Slovenia) marks the eastern edge of the distribution range.
Along with these geographical discontinuities, there is also a change in the species' bedrock preference (LechnerPock 1956 ). In the Western and middle Alps, E. nanum grows on siliceous bedrock, whereas it occurs mainly on calcareous bedrock in the Southern Alps, the SouthTyrolean Dolomites and the Tauern region. The two bedrock ecotypes are morphologically indistinguishable (LechnerPock 1956 ).
Sampling strategy
The main sampling areas were three mountain ranges with an almost continuous distribution of E. nanum on siliceous bedrock (Penninic, Lepontic and Rhaetic Alps) within a distance of about 250 km (Fig. 1) . Six populations from each area were selected. Of these 18 populations, eight were located in the heart of postulated nunatak regions (Penninic Alps: valleys of Visp with the populations Gorner and Plattjen, Simplon region with the Simplon population; Rhaetic Alps: Upper Engadine region with Cacciabella, Neir, Surlej and Lagalp populations, Avers region with the Faller population). This sampling design permitted an investigation of more than one population per proposed nunatak region in the case of extended nunatak areas. Three populations (Augstbord, Seehorn, Ritter) were chosen adjacent to the proposed nunatak populations in the Penninic Alps, six populations in the Lepontic Alps (Cristallina, Gems, Pazola, Tom, Scopi, Fanell) were chosen between the two major Penninic and Rhaetic nunatak regions, and Sertig was chosen as a population belonging to the Rhaetic Alps, but located north of the proposed major Rhaetic nunatak region. Thereby, a continuous and dense coverage of the distribution of E. nanum in the Central Alps was assured. Additionally, two populations were sampled in two potential peripheral refugia, one in the mountain range of Adamello (Tonale, Italy) and one in the Cottic Alps (Ecrins, France). Leaf material of 12 plants from each of the 20 populations ( Fig. 1; Table 1 ) was collected, dried in silica gel and stored at room temperature.
DNA isolation and AFLP fingerprinting
Genomic DNA was extracted and cleaned using the FastDNA Kit (Bio 101, Inc., Vista, CA), according to the manufacturer's instructions. Samples were additionally cleaned and precipitated with Na-acetate and cold ethanol. The AFLP protocol was carried out following the procedure described by Vos et al . (1995) with minor modifications and using non-radioactive fluorescent dye-labelled primers (PE Biosystems) for the selective amplification in multiplex analysis on an ABI 377 automated DNA sequencer (PE Biosystems). Of 24 primer pairs screened, three were chosen for analyses, because they gave clear and reproducible bands showing variation within and among populations. Genomic DNA (100 ng) was digested with the restriction enzymes Eco RI and Mse I and ligated to double-stranded Eco RI and Mse I adapters (Vos et al . 1995) . The ligate was pre-amplified with the pre-selective primers E01 (GACTGCGTACCAATTCA) and M03 (GATGAGTCCTG-AGTAAG) and then selectively amplified using the primers E39/M65 (E01 + GA/M03 + AG), E40/M66 (E01 + GC/ M03 + AT) and E41/M67 (E01 + GG/M03 + CA). The products were separated on 6% polyacrylamide gels with an internal size standard (Genescan ROX 500; PE Biosystems) on the automatic DNA sequencer equipped with genescan analysis software (version 3.1; PE Biosystems). The presence or absence of each fragment within each individual was scored and assembled as a binary data matrix in genotyper analysis software (version 2.1; PE Biosystems). Additional visual comparison of electrophorograms to check for possible misinterpretations in the automated procedures was carried out in genotyper . Reproducibility was tested by repeating the AFLP procedures in case of uncertain individual electrophorograms and by running the respective PCR products on different gels with identical internal size standards.
Data analyses
Analysis of molecular variance ( amova ) computes molecular variance components at different hierarchical levels (Excoffier et al . 1992 ). Several amova s were calculated from a matrix of squared Euclidean distances between all pairs of AFLP phenotypes (Excoffier et al . 1992; Huff et al . 1993; Muluvi et al . 1999) . Total genetic variance was partitioned into the following hierarchical levels: among individuals, among populations and among regions. While the assignment of individuals to populations remained the same throughout all analyses, various groupings of populations into regions were used in order to determine which of several possible groupings would give the highest discrimination among regions. To test whether the variation among populations within a region was similar in the three main regions (Penninic, Lepontic and Rhaetic Alps), amova s were separately calculated for each of these regions with two hierarchical levels only (among populations and within populations). amova -derived Φ ST values, which are interpreted as being analogous to F ST values derived from genotypic information (Isabel et al . 1999) , were calculated as an additional parameter for the partitioning of genetic variation. In all cases, 999 permutations were run to obtain solid test statistics. amova s were carried out using the program winamova 1.55 (Stewart & Excoffier 1996) .
Shannon diversity H Sh = -Σ ( p j log p j ), where p j is the relative frequency of the j -th AFLP fragment, was calculated per population (Legendre & Legendre 1998) . As another diversity measure (Rajora et al . 2000) , the number and distribution of 'private fragments' per population or per region (fragments confined to one population or region only), as well as of 'rare fragments', was extracted from the binary data matrix. Fragments were treated as rare when they occurred in 20 or fewer individuals in the entire data set.
Correspondence analysis (CA) and upgma clustering were performed to search for biogeographic patterns. CA was used to illustrate overall similarities among individuals based on Euclidean distances between all pairs of individuals, whereas upgma was used for the detection of population groupings with population means of Euclidean distances between all pairs of populations. Both analyses were performed with ntsys-pc 2.0 (Rohlf 1997) .
Mantel tests were carried out to quantify the genetic Euclidean distance between pairs of individuals as a function of a second inter-individual distance. For all Mantel tests, the normalized Mantel statistic R M was computed. Mantel tests were used in two different ways (Legendre & Legendre 1998): (i) to compare the genetic distance matrix with the geographical distance matrix of all pairwise individual distances, i.e. the 'classical' use of a Mantel test (Mantel 1967 ; referred to as the 'overall' Mantel test in the following text); and (ii) to assess the goodness-of-fit of the genetic distance matrix to a model matrix, which was different for each defined geographical distance class; this corresponds to a Mantel test with distance classes (Gabrielsen et al . 1997) . The geographical matrix per distance class, representing the model to be tested, was constructed by following Oden & Sokal (1986) . For instance, to test inter-individual distances within populations (i.e. in distance class 1, d = 0 km), pairs of individuals were coded 0, whereas the remainder of this model matrix contained values of 1. In distance class 2, all inter-individual comparisons with a chosen geographical upper limit above 0 and below 20 km were given a value of 0, all others had a value of 1. This process was repeated for all other distance classes, and corresponding R M values were computed individually. R M values were then plotted against distance classes. Thirteen distance classes were chosen to contain similar numbers of pairwise comparisons: (1) 0 
Results
Genetic variation
The three primer combinations revealed 896 clear and reproducible fragments in Eritrichium nanum, of which only 12 (1.34%) were monomorphic for the entire sample set. DNA samples giving no or unreadable amplification patterns were omitted, and therefore fewer than 12 plants were included in the analysis for some populations ( Table 2 ).
The length of AFLP products ranged between 75 and 500 bp, with an average of 214.3 (SE 1.77) fragments per individual. Due to the high degree of polymorphism, the three primer combinations could distinguish all 208 individuals as separate genotypes. Levels of Shannon diversities H Sh were similar in all populations (Table 2) . A better resolution of differences in genetic variability was shown by the different amounts of private and rare fragments within populations and regions (Tables 2 and 3 ). There was a significant increase in the number of rare fragments from the west to the east (Pearson correlation coefficient r = 0.63, P = 0.018; normal distribution of the data assured by Kolmogorov-Smirnov tests with Lilliefors correction using systat; Wilkinson et al. 1992) , whereas there was no significant correlation in the number of private fragments within populations in a west-east direction (Pearson correlation coefficient r = 0.01, P = 0.94). No significant relationship was shown for either regional private fragments (Spearman correlation coefficient r s = 0.01, P = 0.99) or regional rare fragments in a west-east direction (r s = 0.70, P = 0.16). Ecrins, Fanell and Tonale were among the richest populations according to the number of rare and private fragments, whereas Gorner in the Central Alps was the poorest (Table 2 ).
Hierarchical structure of genetic variation
amovas with a division of populations into five main geographical regions (Cottic Alps, Penninic Alps, Lepontic Alps, Rhaetic Alps, Adamello) had the best geographical resolution, i.e. highest values of variance among groups. The varying assignment of Cristallina and Scopi to different groups (Fig. 2, upgma) had only a minor influence on the values of variance components (data not shown). Most of the genetic variation was among individuals within populations (81.34%; Table 4a ). The percentages of variation among populations within regions and among regions were 9.18% and 9.48% of the total variation, respectively, with a corresponding Φ ST value of 0.187. Grouping according to proposed nunatak regions ( Fig. 1 ; Table 4b ) gave lower values for the among-population variation within regions (8.27%) and the among-region variation components (8.62%) compared to the populational groupings with five regions (Table 4a ). The variation among populations within the three main regions (Penninic, Lepontic and Rhaetic Alps) decreased from 13.13% in the Penninic to 10.51% in the Lepontic and 7.13% in the Rhaetic Alps, with corresponding Φ ST values of 0.131, 0.105 and 0.071, respectively (Table 4c -e). In order to obtain a measurement of population differentiation similar to a genotypic F ST value, an amova estimating variance components at two levels, i.e. among all 20 populations and among individuals, was calculated, giving an overall Φ ST value of 0.166 (P = 0.001). Mean number of private regional fragments (fragments confined to a single region) with standard error (SE) based on populations, and the mean number of rare fragments (occurring in up to 20 individuals within the whole data set) per individual with standard error (SE) based on population means. The regions of Ecrins and Tonale consist of one population, respectively, the Penninic region of seven, the Lepontic of five and the Rhaetic of six; the Lepontic Cristallina was placed within the Penninic Alps (see Table 4a ). 
Clustering of populations
Two-dimensional CA of all individuals revealed clustering into several groups (Fig. 3) . Individuals of Ecrins (Cottic Alps), except a single one, were clearly separated from all other individuals. Individuals from Tonale (Adamello) were separated from most other individuals, but less clearly than those of Ecrins. All individuals from Table 1 .
the Penninic Alps formed a relatively dense cluster, also including most individuals from the Lepontic Cristallina population at the periphery. Individuals from the Lepontic and Rhaetic populations were more widely scattered than those from the Penninic populations, with Faller being the population with the least coherence. Populations of the Lepontic and Rhaetic Alps were not clearly distinct, although a separate CA for these regions showed a weak but nevertheless obvious separation of most of the individuals from the respective regions (Fig. 3,  inset) . upgma analysis of mean Euclidean distances per population supported the results of the CA (Fig. 2) . Again, Ecrins was clearly distinct from all other populations. Tonale was the second most isolated population, the Penninic populations formed a distinct group, and populations of the Lepontic Alps clustered together with the Rhaetic Alps as two groups. As in the CA, exceptions were again the Lepontic Cristallina, which clustered within the Penninic group, and the Lepontic Scopi, which clustered within the Rhaetic group. This clustering of Cristallina and Scopi within the Penninic and Lepontic regions, respectively, was also demonstrated in a neighbour-joining tree (ntsyspc 2.0; Rohlf 1997; data not shown). All other Lepontic populations formed a distinct group.
Mantel analyses
The overall R M value calculated with genetic and geographical distance matrices was 0.43 (P = 0.001), i.e. pairwise inter-individual genetic distance increased with increasing geographical distance.
Mantel tests calculated with distance classes showed a decrease from significantly positive values (up to 80 km) to mostly significantly negative values in distance classes from 140 km on (Fig. 4) . The highest R M value was found in distance class 1 (i.e. within populations, R M = 0.27, P = 0.001), the lowest in distance class 13 (R M = -0.33, P = 0.001).
Populational Mantel correlograms of the outlying Ecrins and Tonale showed no significantly positive correlations with other populations (Fig. 5) . Here, R M values were almost always in the negative range. Correlograms of the Penninic populations (Gorner to Ritter) were very similar and demonstrated that all Penninic populations were significantly positively correlated to each other. Only rare, significantly positive correlations occurred with populations of other regions (Fig. 5) . The highest positive correlations were between R M = 0.08 and 0.14. In the Lepontic Alps (Cristallina to Fanell populations; The pattern encountered by population-wise comparisons was strengthened by regional Mantel tests (Fig. 6) . Again, the Cottic (Ecrins) and the Adamello regions (Tonale) appeared to be clearly separated from the Penninic, Lepontic and Rhaetic regions. Significantly positive correlations were only found within regions (Cottic, Penninic and Lepontic regions). However, the correlation between the Penninic and the Lepontic region was marginally significant (P = 0.056). R M values within regions were highest in the correlogram of the Penninic region (R M = 0.48, P = 0.001), and lower in the Cottic (R M = 0.13, P = 0.001) and the Lepontic regions (R M = 0.09, P = 0.003). No positive correlation was found in the correlograms of the Rhaetic region and the Adamello (Fig. 6) . 
Discussion
Indications for nunatak survival
According to the genetic expectations of the nunatak or tabula rasa hypotheses given above, the pattern of genetic diversity found in Eritrichium nanum from the Central Alps agreed most closely with expectations based on in situ survival on nunataks in formerly glaciated areas. Nevertheless, re-immigration from peripheral refugia in the south (not the eastern and western ones considered here) could not entirely be ruled out.
The AFLP patterns of populations of E. nanum from the Central Alps were qualitatively and quantitatively distinct from those of the two populations chosen to represent potential peripheral refugia. This was also shown at the level of individuals by CA (Fig. 3) . Only a single individual from Ecrins (Cottic Alps) fell within the Penninic group, while a few individuals from Tonale (Adamello) were genetically similar to some individuals from the Lepontic and Rhaetic Alps. The overall isolation of Ecrins and Tonale was also detected in the upgma analysis (Fig. 2) . Ecrins was separated from all other populations, and Tonale formed a separate group within the next lower grade. Mantel analyses focusing on relationships of either Ecrins or Tonale with all other populations underlined their genetic isolation. Neither populational nor regional correlograms of the former two populations (Figs 5 and 6) showed any significantly positive R M values; values were nearly always significantly negative. It is hence unlikely that either of the outlying populations was a source population within a refugial region for the recolonization of the Central Alps after glaciation. The similarities of one or a few genotypes in the outlying populations with plants of the nearest region pointed to rare recent or historical seed dispersal between genetically different populations rather than to progenitor-derivative relationships among populations. This was also illustrated in the CA (Fig. 3) . The single genotype from Ecrins near the cluster of the Penninic individuals was distinct from all other plants of the Ecrins population. Genotypes in the region of overlap between Tonale and plants from the Lepontic and Rhaetic Alps could be interpreted as rare inter-group recombinants.
Genetic variation was hierarchically structured in E. nanum. In the clearest regional sub-division into five main geographical regions (Cottic Alps, Penninic Alps, Lepontic Alps, Rhaetic Alps and Adamello), more than 9% of the genetic variation was found between populations within regions and another 9% between regions (Table 4a-c) . There are few comparable data on arctic or alpine species. For Saxifraga oppositifolia, Gabrielsen et al. (1997) showed, over a range of more than 1000 km in Scandinavia, that 8.6% of the total variation occurs among geographical regions, 27.6% among populations within regions, and 63.8% among individuals within populations. For the same species in three regions of the Alps, Gugerli et al. (1999) found only moderate levels of hierarchical structuring (variation among regions 1.1%; variation among populations 4.2%). Tollefsrud et al. (1998) found 32% and 42% of the total variation in Saxifraga cespitosa between regions and between populations, respectively, over a distance of 2400 km in Scandinavia. In the clonal Saxifraga cernua on Svalbard, Gabrielsen & Brochmann (1998) were able to assign 40.9% of total variation to the between-regions component, whereas Bauert et al. (1998) detected no genetic variation, and thus no hierarchical structuring at all, within relic populations of this species in the Alps. The 9% components for the variation among populations and among regions found by us for E. nanum are remarkable, as the maximum distance in our investigation was 544 km, with 18 of the 20 populations distributed over a distance of 254 km from Gorner to Lagalp.
In addition to the genetic distinction between the central alpine populations and those of potential peripheral source regions (Ecrins in the west, Tonale in the east), our data showed a clustering of populations according to some main mountain ranges in the Central Alps. Various ways of assigning populations to groups did not greatly influence variance components (Table 4 ). The highest regional resolution was revealed by amova when we assigned populations to the main central alpine nunatak regions proposed by Brockmann-Jerosch & Brockmann-Jerosch (1926) (Penninic and Rhaetic Alps; Fig. 1 ). Between these two regions, a third could be discerned in the Lepontic Alps, which was genetically different from the Rhaetic group in the east and the Penninic group in the west. The most western and one of the eastern-most populations in the geographical region of the Lepontic Alp genetically belonged to the Penninic (Cristallina) and the Rhaetic (Scopi) groups, respectively. Further evidence for a regional sub-division was given by an overall Φ ST of 0.166. Comparing this value based on highly variable AFLP with the mean G ST values obtained from a compilation of less sensitive isozyme analyses by Hamrick & Godt (1996) would characterize E. nanum as a typical long-lived, outcrossing and gravity-dispersed species with an endemic to narrow distribution. These are indeed the biological features of E. nanum. Longevity, a typical character in alpine cushion or tussock plants (McCarthy 1992; Steinger et al. 1996) , together with a mainly out-crossed breeding system (Heinrich Zoller, University of Basel, unpublished observations), are factors that could counteract genetic differentiation among populations and regions and maintain or even increase variation in populations of E. nanum.
The same regional structuring was also shown in the upgma and the CA cluster analyses (Figs 2 and 3) . The Ecrins, Tonale, Penninic, Lepontic and Rhaetic populations represented separate clusters in decreasing order of distinctness. Again, the Lepontic Cristallina was found within the Penninic group and Lepontic Scopi within the Rhaetic group.
Mantel analyses (Figs 4 -6) showed that correlation between genetic and geographical distances was highest within populations, with a modest to medium decline between populations within identical nunatak regions and with values decreasing to the negative range when leaving the genetic influence of a specific nunatak region. The highly significant overall R M value of 0.43 indicated a clear decrease in genetic relatedness with increasing distance between individuals. The Mantel correlogram calculated using distance classes (Fig. 4) illustrated this overall pattern. Individuals were most closely related within populations, but remained significantly positively correlated up to a distance of 80 km, which is approximately the diameter of each of the three main nunatak regions in an east-west direction (Penninic, Lepontic and Rhaetic Alps). From 140 km on, R M values were usually significantly negative. This pattern of higher correlation within rather than among regions was stressed by regional Mantel correlograms (Fig. 6) . A significantly positive correlation occurred within the Penninic and Lepontic regions. The populational Mantel correlations of the Penninic populations clearly illustrated a decrease in R M values when leaving the genetic influence of this region (Fig. 5) . In the Lepontic region, some significantly positive within-region correlations existed, although they were fewer than in the Penninic region. There was no geographical within-region structuring of the Rhaetic populations. This paralleled the high amount of specific genetic diversity within these populations and their overlap in the CA (Fig. 3) . There was thus no indication of directional gene flow among the Rhaetic populations. This suggested a considerable level of random gene flow among these populations, which could have occurred either during or after Quaternary glaciation.
Altogether, the present molecular study supports the hypothesis of the survival of an alpine plant species within historically glaciated areas of the European Alps. This result should encourage comparable studies on other alpine species. According to Ellenberg (1988) , there are 36 species occurring at elevations above 3500 m above sea level in the Alps. Several of these, such as Ranunculus glacialis, Androsace alpina, Phyteuma globulariifolium and Saxifraga bryoides, are confined to siliceous bedrock and similar habitats as described for E. nanum (Hess et al. 1967) . This makes it probable that in situ glacial survival may be found for other species of the high Alps, if similar sampling designs and highly resolving molecular markers are used.
Methodological implications
Many published phylogeographic investigations on plants conducted with molecular methods have used relatively few samples over large geographical distances (for references, see Soltis et al. 1997) . Therefore, Soltis et al. (1997; p. 370) concluded that 'future studies should seek to construct a regional phylogeography'. The demand for sampling strategies that fit the questions asked has also been emphasized by Smouse (1998) . One particularly important point is that the biogeographically relevant areas of the species of concern should be reasonably covered. For E. nanum, these are the high mountain ranges in the Central Alps. Therefore, the sampling design in the present study was adapted to cover this area along with the locations of proposed nunatak regions and peripheral refugia as given in the literature (Chodat & Pampanini 1902; Briquet 1906; Brockmann-Jerosch & BrockmannJerosch 1926; Hess et al. 1967; Stehlik 2000) . The density of sampled populations was higher than in similar investigations. By this, it was possible to detect spatial patterns of genetic variation pointing to in situ nunatak survival of E. nanum in certain regions. Nevertheless, unequivocal evidence for the locations of nunatak populations and postglacial re-colonization routes could not be provided. This may be due to swamping of the historical component in the genetic pattern by ongoing range extension or gene flow (Gabrielsen et al. 1997; Tollefsrud et al. 1998) or to a still too insufficient population sampling density in the present study, e.g. between peripheral refugia and the Central Alps. Future investigations on the historical biogeography or phylogeography of alpine plants should include small-scale sampling of populations with as many individuals sampled per population as possible (Soltis et al. 1997; Smouse 1998) . Without the present sampling strategy, the genetic differences among populations and regions that we found in E. nanum from the Alps would not have been detected.
Additionally, careful interpretation of statistical methods is crucial. The use of Mantel tests can lead to ambiguous results, as the overall Mantel test and the Mantel correlograms calculated with distance classes cannot give more than a general assessment of genetic patterns within the data set and do not reveal detailed genetic relationships among individual populations. Special attention has to be given to situations where the distinctness of regional genetic patterns and the genetic diversities are as unevenly distributed as in E. nanum.
Conclusions
The present investigation, using molecular methods, supports the hypothesis of in situ survival of a high-alpine plant species on nunataks within historically glaciated areas in the Alps. Substantial genetic differences were detected among populations of Eritrichium nanum in the Central Alps and populations from two potential peripheral refugia. Genetic variation was hierarchically structured and the best regional biogeographic sub-division detected using various statistical procedures showed five main geographical regions, i.e. Cottic Alps (Ecrins), Penninic Alps, Lepontic Alps, Rhaetic Alps and Adamello (Tonale). We demonstrated genetic isolation of two main central alpine nunatak regions, as proposed in the biogeographic literature, and detected an additional nunatak region in the Lepontic Alps. Genetic correlation was highest within populations, with a modest decline between populations within a specific nunatak region and a negative correlation when leaving the influence of a nunatak region. However, the exact location of nunatak populations and/or postglacial re-colonization routes could not be given.
The probable in situ survival in E. nanum could be representative of the glacial history of other high-alpine species growing in similar habitats as E. nanum.
